Garry oak (Quercus garryana Dougl.) is the cornerstone tree species of one of the most biologically diverse yet threatened ecosystems in Canada. The Canadian Garry oak ecosystem is located only in southern coastal British Columbia and is home to numerous endangered species. This study tests the dendrochronological potential of Garry oak trees near their northern range limit by successfully crossdating a sample from the Crow's Nest Ecological Research Area (CNERA) on Saltspring Island, British Columbia. Forty-five samples were collected from 39 trees to determine accurate age estimates and develop a crossdated tree-ring chronology that spans 180 years (A.D. 1825-2005). Wood anatomy and periodic growth suppression made crossdating challenging. However, distinct marker rings were readily identified on nearly all cores showing a synchronous response among trees to a common radial growth signal. The majority of trees sampled were established during 1860-1880 and 1947-1967. Correlation analyses show that radial growth of Garry oak at CNERA is influenced by both temperature and moisture availability. Our study demonstrates that extraction of high-quality dendrochronological data from Garry oak trees near their northern range limit is possible, so this species should be recognized as having good dendrochronological potential.
INTRODUCTION
Garry oak (Quercus garryana Dougl.) is the cornerstone tree species of one of the most biologically diverse yet threatened ecosystems in Canada. Located only in southern coastal British Columbia, this unique ecosystem is home to over one hundred at-risk species (GOERT 2010) . Recent estimates suggest that less than 10% of the original pre-European Garry oak habitat remains intact (Miller and Lea 2004; Lea 2006 ). Because of their high biodiversity, endangered status, and close proximity to the majority of British Columbia's urban population, research interest in Garry oak ecosystems has surged in recent years. The majority of studies have focused on habitat loss and fragmentation (e.g. MacDougall et al. 2004; Bjorkman and Vellend 2010) , changes in disturbance regime (e.g. Pellatt et al. 2007; McDadi and Hebda 2008) and the effects of invasive and exotic species (e.g. Devine and Harrington 2006; Gonzales and Arcese 2008; Lilley and Velland 2009; MacDougall et al. 2010) , but there has been little dendrochronological interest expressed in this important species (Thilenius 1968; Gedalof et al. 2006; Maertens 2008) . To date, only one known study has involved successful crossdating (Pellat et al. 2007) , and no known published chronologies exist for Garry oak.
Garry oak, a broadleaved deciduous hardwood, also referred to as Oregon white oak, is common inland along the Pacific coast of the United States. According to Stein (1990) , it has the longest north-south distribution among western oaks-from Vancouver Island, British Columbia to southern California (Figure 1a) . Moreover, it is the only native oak in British Columbia (Farrar 1995), and is typically found in either scrub-oak ecosystems located on shallow, rocky soil or in parkland communities that occur on deeper soils, which also support a distinct array of understory vegetation (see Roemer 1993 , Erickson 1995 . The extensive latitudinal range of Garry oak is important with respect to the principle of ecological amplitude, which states that tree species useful to dendrochronology are often found near the margins of their natural range (Fritts 1976) . Consequently, Garry oaks in British Columbia, situated at their northern latitudinal limit, appear ideally suited as candidates for potential dendrochronological analysis.
The objectives of this research are to (1) demonstrate the ability to crossdate and accurately determine tree ages, (2) to develop a site-specific tree-ring chronology, and (3) to explore possible climate-growth relationships of Garry oak. Although Garry oak trees are not endangered, their associated ecosystems are, including ca. 100 species (e.g. mammals, plants, butterflies, and insects (GOERT 2010)). We anticipate the ability to accurately pinpoint calendar years of Garry oak trees (via crossdating) will improve future Garry oak ecosystem studies of habitat loss, succession, stand dynamics, changes in natural disturbance, and the impacts of invasive species. For example, application of dendroecological techniques to reconstructing the role of fire in maintaining stand structure (through fire-scar analysis) or to determining the temporal impact of encroachment and overtopping by Douglas-fir should be possible.
METHODS

Study Site
The study site is located at the southern end of Saltspring Island, British Columbia (48.78uN, 123.45uW ; 240 m a.s.l; Figure 1b) . It is situated within the Crow's Nest Ecological Research Area (CNERA), a 29.4 ha land parcel currently owned and managed by Trinity Western University. The site is characterized by a number of spatially continuous forest habitats: a lowland underlain by poorly drained glacio-marine deposits, rocky outcrops comprised of a thin soil layer overtop granitic bedrock and uplands situated on deeper, well-drained glacio-fluvial/glacio-marine sediments (Wei 1981) . Aspect is predominantly south to southeast.
Garry oak and related ecosystems are associated with the Coastal Douglas-fir (CDF) biogeoclimatic zone in British Columbia (Meidinger and Pojar 1991) . The CDF zone comprises a small strip of southern coastal British Columbia, including the lowlands of eastern Vancouver Island and the Southern Gulf Islands. This zone is largely a byproduct of the rainshadow effect of both the Olympic Mountains to the southwest and Vancouver Island mountain ranges to the west. Climate conditions are characterized by a long growing season (March-October) with the majority of precipitation occurring as rain during the fall and winter (October-March) (Environment Canada 2010). Average January and July temperatures at the nearest meteorological station in Victoria, BC (48.63uN, 123.43uW ; 25 m a.s.l.) are 3uC and 17uC, respectively. Total annual precipitation is 860 mm (Environment Canada 2010) .
Vegetation at CNERA consists of mixed stands of coniferous and deciduous forest comprised primarily of Douglas-fir (Pseudotsuga menziesii), broadleaf maple (Acer macrophyllum), and red alder (Alnus rubrus) with lesser numbers of western red cedar (Thuja plicata), arbutus (Arbutus menziesii) and grand fir (Abies grandis) species. There are four prominent Garry oak meadows, (Figure 1c) , representing ca. 20% of the land area at CNERA, consisting of significant stands of Garry oak parkland on deeper soils. With respect to stand structure, clear evidence of ecological disturbance exists. For example, in the largest meadow, decaying Douglas-fir stumps indicate past logging activity and basal fire scars indicate past fire disturbance.
Field Methods
Our samples were collected in two 25-mradius plots (Figure 1c) , centered on the largest diameter at breast height (dbh) Garry oak. Because of the sensitive nature of Garry oak ecosystems only one increment core was extracted from the base (ca. 20 cm above ground) of all live standing trees .10 cm dbh. Cores were extracted as close to the ground as possible to intercept the pith in order to facilitate accurate age estimation (see Speer 2010) . Unfortunately, the rate of pith intercept was low (see Table 1 ) because of asymmetrical tree morphology, and because the wood of Garry oak is ring porous, making it difficult to determine if the pith was hit in the field (cf. Gedalof et al. 2006) .
Chronology Development
A total of 45 cores were extracted from 39 trees for age determination and chronology development. We prepared all samples following standard dendrochronological procedures (Stokes and Smiley 1968; Speer 2010) . Cores with marked periods of suppressed growth were further sanded using ANSI 800, 1,000 and 1,500-grit sandpaper to reveal fine cellular detail. Cores were visually crossdated using the ''List Method'' (Yamaguchi 1991) , whereby exceptionally narrow or wide marker rings were recorded (Table 1) . The ''Duncan Method'' (Duncan 1989) , of geometric age correction was employed to improve age estimates on cores with missing piths. Annual rings were then measured to the nearest 0.001 mm using a Meiji 403 stereomicroscope and a Velmex-type stage measurement system interfaced to a PC workstation. Program COFECHA (Holmes 1983; Grissino-Mayer 2001) was used to verify crossdating and measurement accuracy of annual rings (50 year segments lagged 25 years with a Pearson's r . 0.328, p , 0.01). Series were standardized using a negative exponential curve or linear regression with positive or negative slope using program ARSTAN for Windows (Cook 1985; Cook and Krusic 2005) .
Climate Data and Climate-Growth Relationships
We acquired total monthly precipitation and mean monthly temperature data from two nearby meteorological stations in Victoria, BC, using Environment Canada's Adjusted and Homogenized Canadian Climate Data (Environment Canada 2011). Data for precipitation spanned the years 1898 48.45uN, 123.27uW ; 8 m a.s.l.), data for temperature spanned the years 1898 48.42uN, 123.32uW ; 70 m a.s.l). One missing value in the precipitation data was estimated by averaging values for the preceding three years and the following three years of the missing data point. Climate-growth relationships were investigated using Pearson's product moment correlation analyses between the ARSTAN residual ring-width index and the total monthly precipitation and mean monthly temperature of the current (January-August) and previous (May-December) growth year in program DENDROCLIM2002 (Biondi and Waikul 2004) . 1872, 1884, 1900, 1901, 1902, 1924, 1943, 1944, 1945, 1946, 1947, 1971, 1982, 1983 Years with wide marker rings 1856, 1912, 1913, 1929, 1930, 1954, 1955, 1993 
RESULTS AND DISCUSSION
In total, 38 of 45 series (84.4%) were ultimately retained for inclusion in the final sitespecific Garry oak chronology (Table 1) . Prominent perpendicular xylem rays that cross-cut annual radial growth rings combined with periodic growth suppression made crossdating a number of our cores challenging. Seven series showing anomalous radial growth trends did not crossdate well and were excluded from further analysis. Of the 38 cores retained, severe growth suppression resulted in the assignment of 32 locally absent rings (0.88% of total ring count) in six series (15.8% of all crossdated series) during crossdating (Table 1) . Ring-porous trees such as Garry oak always produce earlywood vessels (Speer 2010) , but severe growth suppression on six cores resulted in the inability to distinguish an annual growth ring (Figure 2 ). Marker rings, those years with unusually large or narrow ring widths, were observed on nearly all cores. The most significant marker rings used to crossdate our samples were 1856, 1872, 1900-1902, 1912-1913, 1944-1945, 1954-1955, 1982-1983 and 1993 ( Figure 3 ). Sample depth increases gradually from one series in 1825 to five series in 1865 ( Figure 3) ; it steadily increases to 20 series in 1886 after which it plateaus until 1948. After 1948 the sample depth steadily increases again to 38 series in 1968. The observed pattern of sample depth is a reflection of two distinct cohorts of Garry oak. Figure 4 illustrates that 37% of the crossdated trees established between 1860 and 1880 and 45% established between 1947 and 1967. This suggests more favourable climatic, ecological, and/or anthropogenic conditions for establishment during these time periods. Indeed, prior to European contact in the 1800s, traditional Pacific Northwest First Nations land-use management practices in Garry oak ecosystems included periodic low intensity burning to enhance indigenous agricultural activities (Boyd 1986; Agee 1993; Fuchs 2001) . Low intensity ground fires helped maintain a parkland or meadow environment by inhibiting competing vegetation, which aided in Garry oak establishment.
Results of the COFECHA analysis show the Garry oak chronology has an overall series intercorrelation of 0.544 (n 5 38, p , 0.01), mean sensitivity of 0.314 and autocorrelation of 0.798 (Table 1) . Individual series correlations range from 0.316 to 0.764 while individual mean sensitivity values range from 0.25 to 0.39. Together the series intercorrelation and mean sensitivity suggest that Garry oak on Saltspring Island are responding to a common stand-level signal. Periods of below-average growth occur in the 1900s, early 1920s, late 1930s into the early 1940s, and late 1970s into the 1980s. Notable periods of above average growth occur in the 1870s, early 1910s, throughout the 1950s and 1960s and also during the early 1990s. Two sudden and pronounced increases in radial growth occur around 1947 and 1988 (Figure 3 ). Evidence gathered from the site suggests these strong, synchronous growth releases were probably related to the mechanical removal of competing vegetation (i.e. logging of Douglas-fir), which would also help explain the pulse of Garry oak establishment observed in Figure 4 . Indeed, Stein (1990) and Devine and Harrington (2006) have previously shown that Garry oak are often out-competed by faster growing associated conifer species such as Douglas-fir.
Correlation analysis of the residual CNERA chronology shows a significant negative correlation with temperature during January and March of the current growth year (Figure 5a ) and a significant positive correlation with July and February precipitation of the current growth year and August precipitation of the previous year (Figure 5b ). Because temperature and precipitation are strongly negatively correlated (r 5 0.90, p , 0.01), we suggest that total monthly precipitation is the most limiting climatic factor to growth. Furthermore, periods of reduced growth correspond well to low precipitation years in 1922-1926, 1942-1944, 1976-1978 and 1985-1989 (see Figure 3) . We recognize the climate-growth relationships illustrated in this study are tentative until further dendroclimatological research of Garry oak is conducted. However, our results suggest radial growth in Garry oak on Saltspring Island is primarily limited by precipitation and moisture availability, a finding similar to studies of related oak species in eastern North America (e.g. Jacobi and Tainter 1988; Speer et al. 2009; White et al. 2011) . This study shows it is possible to successfully crossdate and develop a site-specific ring-width chronology of Garry oak near its northern latitudinal limit. Successful Garry oak chronology development provides enormous potential to better understand the role of Garry oak succession, Garry oak ecosystems dynamics, meadow disturbances (e.g. the role of fire) and recruitment and survival of Garry oak over time. In turn, more informed management decisions can be made to maintain and conserve intact Garry oak ecosystems and to rehabilitate and restore degraded ones. Based on the results obtained in this study, notably the significant series intercorrelation, mean sensitivity and correlation to climatic variables, we recommend Garry oak be added to future lists of species (Grissino-Mayer 1993) demonstrating valuable dendrochronological utility.
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